Bone morphogenetic protein (BMP) signaling contributes to the development of cardiac hypertrophy. However, the identity of the BMP type I receptor involved in cardiac hypertrophy and the underlying molecular mechanisms are poorly understood. By using quantitative PCR and immunoblotting, we demonstrated that BMP signaling increased during phenylephrine-induced hypertrophy in cultured neonatal rat cardiomyocytes (NRCs), as evidenced by increased phosphorylation of Smads 1 and 5 and induction of Id1 gene expression. Inhibition of BMP signaling with LDN193189 or noggin, and silencing of Smad 1 or 4 using small interfering RNA diminished the ability of phenylephrine to induce hypertrophy in NRCs. Conversely, activation of BMP signaling with BMP2 or BMP4 induced hypertrophy in NRCs. Luciferase reporter assay further showed that BMP2 or BMP4 treatment of NRCs repressed atrogin-1 gene expression concomitant with an increase in calcineurin protein levels and enhanced activity of nuclear factor of activated T cells, providing a mechanism by which BMP signaling contributes to cardiac hypertrophy. In a model of cardiac hypertrophy, C57BL/6 mice treated with angiotensin II (A2) had increased BMP signaling in the left ventricle. Treatment with LDN193189 attenuated A2-induced cardiac hypertrophy and collagen deposition in left ventricles. Cardiomyocyte-specific deletion of BMP type I receptor ALK2 (activin-like kinase 2), but not ALK1 or ALK3, inhibited BMP signaling and mitigated A2-induced cardiac hypertrophy and left ventricular fibrosis in mice. The results suggest that BMP signaling upregulates the calcineurin/nuclear factor of activated T cell pathway via BMP type I receptor ALK2, contributing to cardiac hypertrophy and fibrosis. CARDIAC HYPERTROPHY IS THE leading cause of heart failure (13), affecting more than half a million individuals in the US (5). Elucidating the molecular mechanisms that regulate cardiac hypertrophy may facilitate the development of novel therapies for the treatment of heart failure. Bone morphogenetic proteins (BMPs) are members of the transforming growth factor-␤ family that play critical roles in cardiac development. BMP signaling, specifically BMP4, was recently reported to play an important role in the pathogenesis of cardiac hypertrophy (21). Blockade of BMP signaling with a dorsomorphine analog, DMH1, inhibited pressure overload-induced cardiac hypertrophy in mice (21). However, the underlying molecular mechanisms by which BMP signaling contributes to cardiac hypertrophy remain poorly understood.
Bone morphogenetic protein (BMP) signaling contributes to the development of cardiac hypertrophy. However, the identity of the BMP type I receptor involved in cardiac hypertrophy and the underlying molecular mechanisms are poorly understood. By using quantitative PCR and immunoblotting, we demonstrated that BMP signaling increased during phenylephrine-induced hypertrophy in cultured neonatal rat cardiomyocytes (NRCs), as evidenced by increased phosphorylation of Smads 1 and 5 and induction of Id1 gene expression. Inhibition of BMP signaling with LDN193189 or noggin, and silencing of Smad 1 or 4 using small interfering RNA diminished the ability of phenylephrine to induce hypertrophy in NRCs. Conversely, activation of BMP signaling with BMP2 or BMP4 induced hypertrophy in NRCs. Luciferase reporter assay further showed that BMP2 or BMP4 treatment of NRCs repressed atrogin-1 gene expression concomitant with an increase in calcineurin protein levels and enhanced activity of nuclear factor of activated T cells, providing a mechanism by which BMP signaling contributes to cardiac hypertrophy. In a model of cardiac hypertrophy, C57BL/6 mice treated with angiotensin II (A2) had increased BMP signaling in the left ventricle. Treatment with LDN193189 attenuated A2-induced cardiac hypertrophy and collagen deposition in left ventricles. Cardiomyocyte-specific deletion of BMP type I receptor ALK2 (activin-like kinase 2), but not ALK1 or ALK3, inhibited BMP signaling and mitigated A2-induced cardiac hypertrophy and left ventricular fibrosis in mice. The results suggest that BMP signaling upregulates the calcineurin/nuclear factor of activated T cell pathway via BMP type I receptor ALK2, contributing to cardiac hypertrophy and fibrosis. cardiac hypertrophy; BMP signaling; calcineurin; BMP type I receptor; ALK2
NEW & NOTEWORTHY

Our study reveals that bone morphogenetic protein (BMP) signaling via ALK2 receptor promotes cardiac hypertrophy.
Developing drugs that specifically inhibit ALK2 may offer promising therapeutic opportunities to treat cardiac hypertrophy. Furthermore, elucidating how BMP signaling regulates atrogin-1 expression and thereby alters calcineurin activity may provide novel insights into how BMP signaling triggers hypertrophy.
CARDIAC HYPERTROPHY IS THE leading cause of heart failure (13), affecting more than half a million individuals in the US (5) . Elucidating the molecular mechanisms that regulate cardiac hypertrophy may facilitate the development of novel therapies for the treatment of heart failure. Bone morphogenetic proteins (BMPs) are members of the transforming growth factor-␤ family that play critical roles in cardiac development. BMP signaling, specifically BMP4, was recently reported to play an important role in the pathogenesis of cardiac hypertrophy (21) . Blockade of BMP signaling with a dorsomorphine analog, DMH1, inhibited pressure overload-induced cardiac hypertrophy in mice (21) . However, the underlying molecular mechanisms by which BMP signaling contributes to cardiac hypertrophy remain poorly understood.
BMP signal transduction is mediated by BMP type 1 [activin-like kinase 1 (ALK1), ALK2, ALK3, and ALK6] and type 2 [BMP receptor 2 (BMPR2), activin receptor (ACVR) 2A and ACVR2B] receptors. Upon ligand binding, the type 2 receptor phosphorylates the type 1 receptor, which in turn phosphorylates BMP-responsive Smads (small mothers against decapentaplegic) proteins 1, 5, and 8. Phosphorylated Smads 1/5/8 interact with Smad 4 and translocate into the nucleus to modulate the transcription of BMP-responsive genes, such as inhibitor of DNA binding 1 (Id1) (12, 19) . The small molecule DMH1 binds and inhibits type I BMP receptor kinases, abrogating BMP signaling (26) . However, the identity of the type I BMP receptor(s) in cardiomyocytes that is responsible for cardiac hypertrophy is not known.
Here, we report that BMP signaling was upregulated in, and required for, phenylephrine (PE)-induced hypertrophy in neonatal rat cardiomyocytes (NRCs). Blockade of BMP type I receptors, sequestration of BMP ligands, or silencing of BMPresponsive Smad 1 or 4 inhibited PE-induced hypertrophy. Activation of BMP signaling with BMP2 or BMP4 augmented the calcineurin-dependent nuclear factor of activated T cells (NFAT) pathway and induced hypertrophy in NRCs. In mice, inhibiting BMP signaling by treatment with LDN193189 (LDN) attenuated angiotensin II (A2)-induced cardiac hypertrophy and fibrosis. Moreover, deletion of ALK2, but not ALK1 or ALK3, in cardiomyocytes blocked BMP signaling and inhibited the development of A2-induced cardiac hypertrophy in mice.
MATERIAL AND METHODS
All mouse studies were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and reviewed and approved by the Institutional Animal Care and Use Committee of Massachusetts General Hospital Subcommittee on Research Animal Care. Mice were housed in micro-isolated sterile cages and were given normal chow and water ad libitum.
Generation ) or vehicle (corn oil with 10% ethanol) intraperitoneally for 5 days to delete ALK1, ALK2, or ALK3 selectively in cardiomyocytes. Tamoxifen administration in MCM mice has been reported to cause a transient decrease in cardiac function that resolved 10 -14 days later (7) . Therefore, we performed all of the experiments in tamoxifentreated mice at least 3 wk after the treatment.
A2-induced cardiac hypertrophy. Mice were anesthetized with ketamine (100 mg/kg) and fentanyl (75 g/kg), and sufficient anesthesia was confirmed by reflex analysis and heart rate (HR) monitoring. A2-filled osmotic minipumps (Alzet 1002, Durect) were implanted subcutaneously into mice. A2 was infused at a dose of 1 g·kg Ϫ1 ·min Ϫ1 for 2 wk to induce cardiac hypertrophy. Buprenorphine (0.05 mg/kg) was given subcutaneously 30 min before the beginning of the procedure as preemptive analgesia followed by another dose every 12 h for 3 days to alleviate pain. At the end of 2 wk, mice underwent echocardiographic analysis under sedation with ketamine (50 mg/kg). Mice then were euthanized with a high dose of pentobarbital (200 mg/kg ip), and the whole heart and left ventricle (LV) were weighed, and LV was divided in half and saved in liquid nitrogen or formalin.
Isolation of NRCs. NRCs were isolated from the ventricles of 1-to 2-day-old pups of Sprague-Dawley rats after euthanasia with pentobarbital (100 mg/kg ip) using a cardiomyocyte isolation kit (Worthington, Lakewood, NJ). Cardiomyocytes were cultured for 48 h before any treatment in Dulbecco's modified Eagle's medium containing 10% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, and thymidine (0.6 mg/ml). Cells were then serum starved, and hypertrophy was induced by treatment with PE (10 M) or isoproterenol (ISO, 10 M) for 24 h. To inhibit BMP signaling, NRCs were treated with BMP type I receptor inhibitors, LDN (100 nM), or noggin (100 ng/ml).
Quantitative real time-PCR. Total RNA was extracted using Trizol. cDNA was synthesized using Moloney murine leukemia virus reverse transcriptase and random primers (Promega). The mRNA levels were measured by quantitative PCR in a Mastercycler realplex 2 (Eppendorf) using hydrolysis probes (TaqMan Gene Expression Assays, Applied Biosystems) or Probe Fast Master Mix (Kapa Biosystems) using conventional Sybr or Taqman primers. Changes in relative gene expression were normalized to 18S mRNA levels and were determined using the relative Ct method. The sequences for Sybr probes used in this study are as follows: recombinant BMP2 (rBMP2)-forward CCAGGTTAGTGACTCAGAACAC, rBMP2-reverse TCATCTTGGTGCAAAGACCTGC; rBMP4-forward TGGA-CACTTCATCACACGACTA, rBMP4-reverse GCGACGGCAGTT-CTTATTCTTC; rBMP7-forward AGACGCCAAAGAACCAAGAG, rBMP7-reverse GCTGTCGTCGAAGTAGAGGA; recombinant modulatory calcineurin-interacting protein (rMCIP)-forward AGCTCCCTGATTGCCTGTGT, rMCIP-reverse TTTGGCCCTG-GTCTCACTTT; murine BMP2 (mBMP2)-forward TGGCCCATT-TAGAGGAGAACC, mBMP2-reverse CTGTGTTCATCTTGGTG-CAAAG; mBMP4-forward ATTCCTGGTAACCGAATGCTG, mBMP4-reverse CCGGTCTCAGGTATCAAACTAGC; mBMP7-forward ACCCTCGATACCACCATCGG, mBMP7-reverse GCTC-CCGGATGTAGTCCTT.
Gene silencing. To deplete Smad 1 and Smad 4, NRCs were transfected with small interfering RNA (siRNA) specific for Smad 1 and Smad 4, respectively (Silencer Select siRNA, Applied Biosystems, Life Technologies). As a negative control, cells were transfected with a nontargeting siRNA. All siRNA were transfected at a final concentration of 50 nM using Lipofectamine 2000 transfection reagent (Invitrogen), as described by the manufacturer. After 48 h, transfected cells were incubated overnight in Dulbecco's modified Eagle's medium without serum and were treated with PE for 24 h.
Immunoblotting. Whole cell lysates were harvested from cultured NRCs or LVs with RIPA buffer containing proteinase and phosphatase inhibitor cocktails (Sigma-Aldrich, St. Louis, MO). Extracted proteins were separated by electrophoresis using 4 -12% Bis-Tris gels (NuPAGE, Invitrogen, Grand Island, NY) and transferred to polyvinylidene fluoride membranes. Membranes were incubated with antibodies directed against total Smad 1 (Life Span Bio, catalog no. LS-C75853), phosphorylated-Smad 1 and 5 (Cell Signaling Technology, catalog no. 9516S), BMP4 (Santa Cruz Biotech, catalog no. 6896), BMP2 (Santa Cruz Biotech, catalog no. 6895), or calcineurin (BD Bioscience, catalog no. 610259). After washing, membranes were incubated with horseradish peroxidase-conjugated donkey antirabbit or anti-mouse IgG (Cell Signaling Technology, Beverly, MA). Membranes were incubated with ECLPlus (GE Healthcare, Wilmington, MA), and chemifluorescence was detected with a Versadoc 4000MP imager. For calcineurin immunoblots, membranes were incubated with IRDye 800CW donkey anti-mouse IgG (LI-COR, Lincoln, NE), and images were captured using LI-COR Odyssey detection system. Captured images were analyzed with ImageJ software (National Institutes of Health) for integrated density of protein bands.
Luciferase reporter assays. NRCs were transfected with luciferase reporter gene constructs containing a BMP-response element or the human NPPB gene promoter using Lipofectamine 2000, according to the manufacturer's instructions. NRCs were also transfected with an NFAT luciferase reporter construct containing repetitive NFAT recognition sites or an atrogin-1 luciferase reporter construct containing 3.5 kb of atrogin-1 mouse promoter. As a control for transfection efficiency, cells were transfected with a plasmid directing constitutive expression of renilla luciferase. After 48 h, cells were treated with PE, BMP2, or BMP4 for 24 h. The cells were harvested, and firefly and renilla luciferase activities in cell extracts were measured using the Dual Luciferase Reporter Assay System (Promega, Madison, WI).
Immunofluorescent staining of NRCs. NRCs were plated on gelatincoated eight-well Lab-Tek II chamber slides and fixed with 2:5 acetone-methanol for 20 min at 4°C followed by permeabilization of cells for 10 min with 0.1% (vol/vol) Triton X-100. After blocking with 1% BSA solution in PBS, cells were incubated with either anti-NFATc3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA; 1:200 dilution) in PBS containing 2% BSA overnight at 4°C or with mouse anti-sarcomeric ␣-actinin (Abcam, Cambridge, MA, 1:1,000) for 1 h at room temperature. Bound primary antibodies were detected with Alexa Fluor 596-conjugated donkey anti-rabbit IgG or Alexa Fluor 488-conjugated donkey anti-mouse IgG (Life Technologies, 1:250 dilution).
Immunofluorescent histochemical staining of ventricular tissues. To assess the size of myocardial cells, LV sections (5 m) were incubated with FITC-conjugated wheat germ agglutinin (Sigma, St. Louis, MO) at 10 g/ml for 2 h at room temperature. Myocardial interstitial fibrosis and collagen deposition were assessed on midventricular sections by staining with Masson trichrome and picro-sirius red, respectively. Images were captured using Nikon E800 inverted microscope (MVI, Avon, MA).
Statistical analysis. All values were expressed as means Ϯ SE. Data were analyzed using the Student's t-test or one-way ANOVA test followed by Bonferroni test for multiple comparisons, when applicable. Time course and dose response were analyzed by repeated-measure one-way ANOVA. P values Ͻ 0.05 were considered statistically significant.
RESULTS
Hypertrophic stimuli increase BMP signaling in NRCs.
To investigate whether BMP signaling is altered during the development of cardiac hypertrophy, we treated NRCs with known hypertrophic stimuli, PE or ISO. Treatment with PE or ISO induced expression of the genes encoding atrial natriuretic peptide (NPPA) and B-type natriuretic peptide (NPPB; Fig. 1A ) and increased the size of cardiomyocytes (Fig. 1 , B and C). PE and ISO also increased the expression of genes encoding BMP2, BMP4, and BMP7, as well as BMP-responsive gene Id1 (Fig. 1D ). To further investigate BMP signaling in cardiac hypertrophy, we focused on PE-(as opposed to ISO-or A2-) induced hypertrophy, because PE consistently produced a more robust response in NRCs. PE treatment of NRCs induced phosphorylation of Smads 1 and 5 (Smad 1/5), in a dose-dependent manner, without altering levels of total Smad 1 ( Fig. 1, E and F) . In cells transfected with a BMP response element luciferase reporter construct, PE Fig. 2A) . LDN and noggin also inhibited PE-induced increases in Id1 mRNA levels (Fig. 2B) . Moreover, LDN and noggin also partially inhibited PE-induced increases in hNPPB promoter activity (Fig. 2C ) and cardiomyocyte size (Fig. 2, D and E) . Although LDN and noggin both inhibited basal BMP signaling (Fig. 2C) , neither treatment altered NPPA and NPPB gene expression or cell size in the absence of PE (Fig. 2, A and E) , suggesting that basal BMP signaling does not affect NPPA and NPPB gene expression. siRNA-mediated silencing of BMP-responsive Smad 1 or Smad 4 in cardiomyocytes (Fig. 2F) reduced PE-induced increases in cell size (Fig. 2, G and H) and NPPA and NPPB gene expression (Fig.  2I ). These data demonstrate that BMP signaling is required for PE-induced hypertrophy in NRCs. Activation of BMP signaling is sufficient to induce hypertrophy in NRCs. Expression of both BMP2 and BMP4 is increased during the development of cardiac hypertrophy in mice (10, 21) . We hypothesized that if BMP signaling is the primary mediator of PE-induced hypertrophy, then activation of BMP signaling alone might induce hypertrophy. Treatment of NRCs with increasing doses of BMP2 or BMP4 activated BMP signaling, as reflected by increased Id1 gene expression (Fig. 3A) , and increased NPPA and NPPB gene expression to levels comparable to those observed in response to PE (Fig. 3,  B and C) . Similarly, BMP2 and BMP4 induced hNPPB promoter activity (Fig. 3D ) and increased cell size (Fig. 3, E and  F) . These results suggest that BMP signaling is sufficient to independently induce hypertrophy in NRCs.
BMP signaling stimulates the calcineurin/NFAT pathway in cardiomyocytes. BMP signaling was previously reported to increase NFAT activity in mouse lung endothelial cells and keratinocytes (6, 8, 24) . To investigate whether BMP signaling affects the NFAT pathway in cardiomyocytes, we determined the impact of BMP signaling on NFAT activity in NRCs. PE treatment for 24 h increased the activity of an NFAT response element (NRE) by 2 fold, as determined using a reporter plasmid and luciferase assay (Fig. 4A) . Pretreatment with LDN inhibited the PE-induced increase in NRE activity by ϳ60%. Similar to PE, both BMP2 and BMP4 treatment increased NRE activity (Fig. 4A) . Immunofluorescence staining revealed that BMP2 or BMP4 treatment of NRCs increased the nuclear localization of NFATc3, a member of NFAT family known to play a critical role in pathogenesis of cardiac hypertrophy (Fig.  4, B and C) (14, 25) . Treatment with 10% fetal bovine serum was used as a positive control for induction of nuclear localization of NFATc3.
Consistent with the observed increase in NRE activity, BMP ligands and PE treatment induced the expression of the gene encoding MCIP, a direct transcriptional target of NFAT (17) (Fig. 4D) . To elucidate whether PE-and BMPinduced activation of NFAT was dependent on calcineurin, we treated NRCs with FK506, a specific inhibitor of calcineurin (4). The presence of FK506 inhibited both PE-and BMP-induced increases in NRE activity (Fig. 4E) and MCIP mRNA levels (Fig. 4D) . Moreover, treatment with PE, BMP2, or BMP4 induced a robust increase in calcineurin protein levels, as determined by immunoblotting ( Fig. 4F and inset at the bottom). These data suggest that, similar to PE, BMP signaling activates NFAT by increasing calcineurin expression. Calcineurin activity is negatively regulated by the ubiquitin ligase, atrogin-1, which promotes calcineurin degradation (9, 15). Because PE and BMP ligands increased calcineurin levels, we investigated whether exposure to PE, BMP2, or BMP4 inhibited atrogin-1 expression. PE treatment of NRCs reduced atrogin-1 mRNA levels by ϳ60%. Similarly, treatment with BMP2 or BMP4 also diminished atrogin-1 mRNA levels (Fig. 4G) . To investigate whether BMP signaling reduces atrogin-1 expression by altering its transcription, we measured atrogin-1 promoter activity using a luciferase reporter plasmid transfected into NRCs (18) . Treatment of NRCs with PE reduced atrogin-1 promoter activity by Ͼ50%. Similarly, treatment of NRCs with BMP2 or BMP4 reduced atrogin-1 promoter activity in a dosedependent manner (Fig. 4H) . Collectively, these data suggest that the BMP-mediated increase in NFAT activity is linked to the ability of BMP to inhibit atrogin-1 and augment calcineurin expression levels. Fig. 4 . BMP signaling upregulates the calcineurin/nuclear factor of activated T cell (NFAT) pathway. A: treatment of NRCs with PE (10 M) for 24 h increased relative luciferase activity of a reporter plasmid containing an NFAT response element (NRE). Similarly, treatment of NRCs with increasing doses of BMP2 or BMP4 for 24 h increased relative luciferase activity of NRE. The concentration of BMP2 or 4 in A is in ng/ml. Pretreatment of NRCs with LDN (100 nM) inhibited the PE-induced increase in relative NRE activity. B: treatment of NRCs with BMP2 (10 ng/ml), BMP4 (10 ng/ml), or fetal bovine serum (FBS; 10%) increased nuclear localization of NFATc3. Cells were stained with rabbit anti-NFATc3 and Alex Fluor 596-conjugated donkey anti-rabbit IgG antiserum (red). 4=,6-Diamidino-2-phenylindole (DAPI; blue) was used to stain nuclei. C: quantification for nuclear localization of NFATc3 (red) of images given in B. Treatment of NRCs with BMP2 (10 ng/ml), BMP4 (10 ng/ml), or PE (10 M) for 24 h induced MCIP (modulatory calcineurin-interacting protein) gene expression levels (D) and increased NRE activity (E), effects that were inhibited by FK506 (5 M). F: treatment of NRCs with BMP2 (10 ng/ml), BMP4 (10 ng/ml), or PE (10 M) for 24 h increased calcineurin protein levels, as determined by immunoblot and densitometric analysis. GAPDH was used as a loading control. Treatment of NRCs with BMP2, BMP4 (ng/ ml), or PE (10 M) for 24 h decreased atrogin-1 mRNA levels (G) and luciferase activity of a reporter plasmid containing a mouse atrogin-1 promoter (H). 
Blockade of BMP signaling inhibits A2-induced cardiac hypertrophy.
We used a mouse model of A2-induced cardiac hypertrophy to investigate the role of BMP signaling in the development of cardiac hypertrophy in vivo. Infusion of A2 in mice for 2 wk induced BMP2, BMP4, and Id1 gene expression (Fig. 5A ) and increased phosphorylation of Smad 1/5 (Fig. 5, B and C) in the LV, indicating that A2 stimulated BMP signaling. A2 infusion increased the ratio of heart weight (HW) to tibial length (TL) (HW/TL) and LV weight (LVW) to TL (LVW/TL; Fig. 5, D and E) . Compared with saline infusion, A2 also increased the thickness of the intraventricular septum (IVS) and posterior wall (PW) (Fig. 5F ). Treatment with LDN inhibited A2-induced Id1 gene expression and phosphorylation of Smad 1/5 (Fig. 5, A-C) . LDN treatment inhibited A2-induced increases in HW/TL, LVW/TL, and in the thickness of IVS and PW (Fig. 5, D-F) . LDN also partially suppressed A2-induced NPPA and NPPB gene expression in LV (Fig. 5G) . Moreover, LDN treatment markedly alleviated A2-induced increases in cardiomyocyte area (Fig. 5, H , top, and I) and collagen deposition (Fig. 5, H , bottom, and J) in LV sections. These results suggest that, consistent with our in vitro findings, inhibition of BMP signaling prevents the development of cardiac hypertrophy in mice. LDN treatment had no effect on systolic blood pressure in mice treated with or without A2 (Fig.  5K) , suggesting that the LDN-induced protection against A2-cardiac hypertrophy was not due to attenuation of A2-induced hypertension. Moreover, HR, LV end-diastolic diameter, LV end-systolic diameter, and fractional shortening did not deteriorate with A2 treatment in any group ( Table 1) , suggesting that A2-induced hypertrophy in 2 wk was not sufficient to impair cardiac function, as has been reported previously (3) .
ALK2 is required for A2-induced cardiac hypertrophy. LDN prevents BMP signaling by inhibiting multiple BMP type I receptors (12, 19) . Based on our quantitative PCR results, ALK2 and ALK3 were expressed at high levels, and ALK1 was expressed at modest levels in the heart. In contrast, ALK6 was detected at very low levels (data not shown). Therefore, to identify which type I receptor is required for A2-induced cardiac hypertrophy, we generated mice carrying the MCM transgene and floxed ALK1, ALK2, or ALK3 alleles. To selectively delete BMP type I receptor in cardiomyocytes, we treated mice with tamoxifen (1). In MCM-ALK1 fl/fl , MCM-ALK2 fl/fl , and MCM-ALK3 fl/fl mice, administration of tamoxifen induced an ϳ80% reduction in myocardial ALK1, ALK2, and ALK3 mRNA levels, respectively (left panels, Fig. 6 , A-C, respectively). Compared with vehicle-treated mice, tamoxifen did not alter the baseline levels of markers of cardiac hypertrophy, including NPPA and NPPB gene expression, when measured 5 wk after tamoxifen administration (Fig. 6, A-C) .
A2 infusion induced cardiac hypertrophy in control mice as evident by increased HW/TL and LVW/TL, increased IVS and PW thickness, and induction of NPPA and NPPB gene expression in LV (Fig. 6) . Cardiomyocyte-specific deletion of ALK2 (Fig. 6B ), but not ALK1 (Fig. 6A) or ALK3 (Fig. 6C) , significantly attenuated the development of A2-induced cardiac hypertrophy, as reflected by marked reductions in these parameters. Similar to the observation in WT mice, HR, LV enddiastolic diameter, LV end-systolic diameter, and fractional shortening were not altered with A2 treatment in ALK2-deficient mice (Table 1) . Deletion of ALK2, but not ALK1 or ALK3, inhibited both basal and A2-induced Id1 gene expression (Fig. 6, right) , suggesting that ALK2 is required for basal and A2-induced cardiac BMP signaling. The A2-induced increases in cardiomyocyte size (Fig. 7, A and B) and collagen deposition (Fig. 7, C and D) in the LV were also decreased in mice with cardiomyocyte-specific ALK2 deficiency. A2 infusion repressed atrogin-1 gene expression by ϳ50% in LV from control animals, and this effect was partially reversed in mice with ALK2 (Fig. 7E, middle) , but not ALK1 or ALK3 (Fig. 7E,  top and bottom) , deficiency in cardiomyocytes. Collectively, these findings suggest that ALK2 is the primary BMP type I receptor that mediates A2-induced BMP signaling and cardiac hypertrophy.
DISCUSSION
This study demonstrates that BMP signaling is upregulated in both in vitro and in vivo models of cardiac hypertrophy, as evident by enhanced phosphorylation of Smad 1/5 protein levels and increased Id1 gene expression. Inhibition of BMP type I receptors, sequestration of BMP ligands, or silencing of BMP-responsive Smad 1 or Smad 4 prevents PE-induced hypertrophy in NRCs. Conversely, activation of BMP signaling in NRCs induces hypertrophy, likely via the atrogin-1/ calcineurin/NFAT pathway. In a mouse model of cardiac hypertrophy, inhibition of BMP type I receptors with LDN attenuates A2-induced cardiac hypertrophy and collagen deposition. ALK2 in cardiomyocytes is the primary type I BMP receptor required for BMP signaling and A2-induced cardiac hypertrophy.
BMP signaling was previously shown to play a role in cardiac hypertrophy (21, 22) . However, the mechanism by which BMP signaling contributes to cardiac hypertrophy remained unknown. We focused on the calcineurin/NFAT pathway because BMP signaling was recently shown to increase NFAT activity in pulmonary endothelial cells and keratinocytes (6, 8, 24) , and because the calcineurin/NFAT pathway plays a central role in the pathogenesis of cardiac hypertrophy (14, 23) . Calcineurin promotes translocation of NFAT into the nucleus, where it induces the transcription of fetal cardiac gene program, including NPPA and NPPB, to induce hypertrophy Values are means Ϯ SE; n ϭ 6 -7 mice in each group. Sal, saline; Veh, vehicle; A2, angiotensin II; LDN, LDN193189; Tam, tamoxifen; WT, wild type; HR, heart rate; LVEDD, left ventricular end-diastolic internal diameter; LVESD, left ventricular end-systolic internal diameter; FS, fractional shortening. No difference was found with or without LDN treatment or ALK2 deficiency in Sal-or A2-treated mice for 2 wk. (15, 17) . In this study, we demonstrated that BMP signaling increased calcineurin protein levels in cardiomyocytes and promoted the translocation of NFATc3 into the nucleus. NFATc3, a member of NFAT family, has an important role in the development of cardiac hypertrophy (25) . Inhibition of calcineurin with FK506 (4) abrogated BMP signaling-induced increases in the activity of NRE and MCIP gene expression (a direct target of NFAT), suggesting that BMP signaling induced hypertrophy via calcineurin. Calcineurin activity is tightly regulated by atrogin-1, a ubiquitin ligase that targets calcineurin for degradation (9, 15, 20) . Previous studies showed that overexpression of atrogin-1 in the hearts of transgenic mice suppressed calcineurin protein levels and blunted pressure overload-induced cardiac hypertrophy (9) . Conversely, downregulation of atrogin-1 enhanced agonist-induced calcineurin activity and cardiomyocyte hypertrophy (9) . In this study, we observed that activation of BMP signaling robustly suppressed atrogin-1 transcription, suggesting a mechanism by which BMP signaling increases calcineurin levels and induces hypertrophy.
Pharmacological inhibition of BMP signaling with LDN blunted A2-induced cardiac hypertrophy and collagen deposition, consistent with a previous report (21) . Because LDN blocks multiple BMP type I receptors, we sought to identity which BMP type I receptor is required for the development of cardiac hypertrophy. Because ALK1, ALK2, and ALK3 are the major BMP type I receptors expressed in heart, we used a conditional knockout approach to delete ALK1, ALK2, or ALK3 selectively from cardiomyocytes. Decreased ALK2, but not ALK1 or ALK3, was sufficient to inhibit basal and A2-induced BMP signaling, suggesting that ALK2 is the primary BMP type I receptor required for BMP signaling in cardiomyocytes. Depletion of ALK2, but not ALK1 or ALK3, attenuated A2-induced cardiac hypertrophy and reduced collagen deposition in LV. A2-induced cardiac hypertrophy in mice was accompanied by a reduction in atrogin-1 gene expression in LV, as was reported previously (9, 15) . Deficiency of ALK2 partially restored atrogin-1 expression, suggesting that BMP signaling via ALK2 receptor contributes to the downregulation of atrogin-1 expression during the development of cardiac hypertrophy. Because atrogin-1 has a critical role in the development of pressure overload cardiac hypertrophy and agingrelated cardiomyopathy (9, 27) , targeting the ALK2 receptor may provide an effective means to treat these disorders. A2 induces cardiac hypertrophy via both blood pressure-dependent and -independent pathways. Our study indicates that blockade of BMP signaling inhibits cardiac hypertrophy independent of blood pressure. However, it does not rule out a direct impact of pressure or volume overload on cardiac hypertrophy. Perhaps BMP signaling is activated secondarily as a consequence of pressure overload, regardless of stimuli, which then induces hypertrophy. The previous findings that both BMP signaling and atrogin-1 are also required for pressure overload-induced cardiac hypertrophy support this notion and suggest that BMP signaling-atrogin-1 pathway may represent an inherent characteristic of pathological cardiac hypertrophy.
In this study, we observed that BMP2 treatment for 24 h at a concentration of 10 ng/ml was able to induce hypertrophy in NRCs. In contrast, Lu and colleagues (10) recently reported that BMP2 treatment for 48 h at high concentration (50 ng/ml) did not induce hypertrophy in NRCs, but BMP2 instead antagonized BMP4-induced hypertrophy in an Akt-dependent manner. Whether the observed differences in the two studies are caused by the different BMP2 concentrations, different time points studied, or different culture conditions remains to be determined.
In conclusion, we report that BMP signaling is required for PE-induced hypertrophy in NRCs and A2-induced cardiac hypertrophy in mice. BMP signaling inhibits atrogin-1 expression and upregulates the calcineurin/NFAT pathway and contributes to the development of cardiac hypertrophy. ALK2 is the primary BMP type I receptor required for BMP signaling in cardiomyocytes and for A2-induced cardiac hypertrophy and fibrosis in mice. Pharmacological inhibition of ALK2 may prove to be a novel approach to the treatment of cardiac hypertrophy. ϩ/flox mice, respectively; and Hua Su for ALK1 ϩ/flox mice. Authors also thank Dr. J. Molkentin (University of Cincinnati) and Dr. C. Goodman (University of Wisconsin) for kind gifts of NFAT luciferase reporter and atrogin-1 promoter luciferase reporter constructs, respectively. 
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